We derive a relation between the flux density F , j at the light-curve break of a gamma-ray burst (GRB) afterglow and the break time t j . The break is due to the transition from the spherical-like to jet-like evolution of the afterglow, when the Lorentz factor of the jet equals the inverse of the initial half-opening angle, i.e., ¼ 1= 0 . We show that this relation indeed behaves as F ; j / t Àp j among GRBs for the slow-cooling case, where p is the power-law index of electron distribution. A statistical analysis of the optical jet breaks of nine GRBs gives p ¼ 2:10 AE 0:21, which is consistent with the shock acceleration theory. The value of p derived in this way is different from the observed temporal index 2 (F / t À 2 ) of the late-time light curve after t j , which suffers several uncertainties from the unclear hydrodynamics of the sideways expansion and exhibits a large dispersion. Our results not only confirm that the remnants of GRBs are standard candles, but also provide the first evidence that the physical parameters of relativistic shocks are universal, with the favored values e $ 0:1 and B $ 10 À3 .
INTRODUCTION
The gamma-ray burst (GRB) afterglows are attributed to the nonthermal synchrotron /inverse Compton ( IC) radiation from the swept-up circumburst electrons shocked by relativistic blast waves ( Wijers et al. 1997; Waxman 1997; Katz & Piran 1997 ). There are two popular types of circumburst medium, i.e., the interstellar medium ( ISM ) and the stellar wind (for the latter see Dai & Lu 1998; Mészáros et al. 1998; Chevalier & Li 1999) . Nevertheless, the ambient electrons are initially accelerated to a power-law distribution in the same way, dN =d e / Àp e ( m e max ), with the typical index p $ 2:2 2:3 (Achterberg et al. 2001 and references therein; Lemoine & Pelletier 2003) . The minimum Lorentz factor m is proportional to the bulk Lorentz factor of the shock and the energy equipartition factor e of the electrons. Magnetic fields can also be generated by the shock through the relativistic Weibel instability, with the energy equipartition factor B of 10 À5 to 10 À1 ( Medvedev & Loeb 1999) . The postshock electrons with Lorentz factor c will conveniently lose their total energy in the dynamical timescale because of synchrotron and IC radiation (Sari et al. 1998) . The initial distribution of the electrons is thus approximated by a broken power law.
It is now the consensus of most GRB researchers that the GRB fireball is not spherical but indeed conical or jetted. Frail et al. (2001) established the ''standard candle'' hypothesis of geometrically corrected gamma-ray energy release (E $ 5 ; 10 50 ergs) of prompt GRBs based on the previous work of Rhoads (1999) and Sari et al. (1999) on the hydrodynamic evolution of a relativistic jet (see also Bloom et al. 2003) . have performed multiwavelength fitting to 10 GRB afterglows and given a comparable mean energy in the jets at the afterglow stage. Statistics of the late-time X-ray luminosity of GRBs further confirms the standard energy outputs in GRB afterglows ( Freedman & Waxman 2001; Piran et al. 2001; Berger et al. 2003a) . It also requires the small scatter of p with the mean value p % 2 ( Berger et al. 2003a) .
In this paper we investigate the energetics of GRB afterglows and the physical parameters related to relativistic shock physics by studying the light curve breaks of GRB optical transients (OTs) in the statistical sense. We derive the analytical relation between the flux density and time at the break in x 2. We list the sample and give our statistical results in x 3. The findings and implications of our work are discussed in x 4.
SPECTRAL PROPERTIES AT THE JET BREAK TIME
The observed synchrotron spectrum can be determined by the typical frequency m corresponding to the electrons with Lorentz factor m , the cooling frequency c corresponding to the electrons with Lorentz factor c , and the peak flux density F , max . To calculate these quantities, we assume an adiabatic jet with initial half-opening angle 0 . At earlier times, the bulk Lorentz factor of the jet is larger than À1 0 , and its radiation shows no difference from that of an isotropic fireball. The light curve steepens achromatically when À1 0 , because of the deficit of the radiating area for a nonlateral expansion jet or the ultimate change of the hydrodynamics for a lateral expansion jet. Here we focus on the transitional moment t j when ¼ À1 0 (Sari et al. 1999 ). The emission properties of an isotropic fireball can be applied to this time, and we derive the flux density F , j [¼ F (t j )] as a function of t j for both the ISM case and the stellar wind case.
The ISM Case
For the ISM case (e.g., Sari et al. 1998 ), we have
0 is the total jet energy, and n is the density of the ISM in units of cm À3 . We adopt the convention Q ¼ 10
x Q x . We have considered here the accurate expressions for m , c , and F ,max , based on the self-similar solutions of Blandford & McKee (1976) for the spherical blast waves corrected by Granot & Sari (2002) . The Granot & Sari (2002) corrections to the formulae of Sari et al. (1998) 
where the electrons are assumed to be in the IC-dominated slow-cooling case at t j (Sari & Esin 2001) . The transition time from fast cooling to IC-dominated slow cooling
(1 þ z) 3 e;À1 B;À3
2 1=6 E iso; 53 n days; measured by the observer, is earlier than the typical break time t j $1 day (see Table 1 ), while the moment t IC when the synchrotron cooling begins to dominate over the IC cooling is typically more than years after the GRB trigger (Sari & Esin 2001) . The flux density at the jet break time in the slow-cooling spectrum case ( m < < c ) is 
Jy; ð6Þ
where R ¼ 4:55 ; 10 14 Hz is the R-band frequency taken as the observed frequency. Equation (6) provides a relationship between the flux density F , j and the jet break time t j . In the following this relationship is called the jet break relation. On the other hand, a similar relation in the fast-cooling case ( c < ) follows
which can be rewritten as Note.-Col.
(1) GRB name; col. (2) redshift; col. (3) temporal decay index (F / t À 1 ) before t j ; col. (4) temporal decay index (F / t À 2 ) after t j ; col. (5) observed jet break time; col. (6) flux density at t j ; col. (7) optical spectrum F / Àopt at time t in days since the GRB trigger; and col. (8) references for the redshift and R-band afterglow.
a These two peculiar GRB OTs showed fluctuations in their early light curves. b We estimate 10% uncertainties for these quantities, which were not directly given in the literature. c The value of opt is sensitive to the assumed host galaxy extinction correction.
in the limit of e = B 3 1, where we do not include the contribution of the synchrotron self-Compton (SSC) scattering to the flux density, since the SSC component always appears above the X-ray band for typical physical parameters and the light-curve breaks are mostly observed in optical band.
The Stellar Wind Case
For the stellar wind case (e.g., Chevalier & Li 2000), we have
where A * is the wind parameter (Chevalier & Li 1999) . The correction factors derived from Granot & Sari (2002) are
83, and f ¼ 3:04. When e = B 3 1, the transition time from fast cooling to IC-dominated slow cooling in the wind case is
B;À3 1=6 A Ã days; which is earlier than t j $1 day. In this case c, j is rewritten as Hz:
The flux density at the jet break time in the slow-cooling case ( m < < c ) is
Jy; ð14Þ while the density flux at c < becomes
which can be further deduced in the case of e = B 3 1, Jy:
We can see that in the slow-cooling case, the jet break relation behaves as F ; j / t Àp j among GRB afterglows, as long as the physical parameters E j , e , and B are clustered. This relation is assured in both the ISM and the stellar wind case, and is insensitive to the medium density in each case. It provides a tool for probing the energetics of GRB afterglows and the shock physics of relativistic blast waves. The jet break relation in the fast-cooling case is affected by the Compton parameter Y j . If Y j < 1, the jet break relation becomes F ; j / t Àp j and is insensitive to B while moderately sensitive to the ambient medium density. If Y j > 1, the relation changes to F ; j / t Àpþð pÀ2Þ=ð4ÀpÞ j , in which the index p À ( p À 2)=( p À 4) is in the range of 2.0-2.17 for p $ 2:0 3:0.
STATISTICAL RESULTS

The Sample
In Table 1 we give an updated optical R-band sample of 14 GRB light curve breaks. Our sample is slightly different from the Bloom et al. (2003; hereafter BFK03) sample. In the BFK03 sample of 17 GRBs with known t j , they included six jet breaks that were determined from observations outside the optical bands, e.g., GRBs 970508, 980703, and 000418 at the radio band; GRB 990705 at H band; GRB 010921 at the joint I and F702 W bands; and GRB 970828 at the X-ray band. Recently, two new R-band jet breaks of GRBs 030226 and 030329 have been observed. Greiner et al. (2003b) concluded that a jet break existed in the R-band light curve of the GRB 011121 afterglow before 10 days. We also add this GRB in Table 1 . Since the error of t j of GRB 011121 is large, it will not significantly change our statistical results. There are two peculiar OTs in our sample. GRB 000301C showed a prebreak bump in the optical afterglow that has been explained as being caused by the central engine activity, by the external density jump, or by the microlensing event ( Bhargavi & Cowsik 2000; Dai & Lu 2001 Garnavich et al. 2000b) . GRB 021004 also exhibited complicated fluctuations in the early afterglow before the temporal break ( Fox et al. 2003) .
In Table 2 we give a sample of five fast-fading GRB optical afterglows. Fast-fading afterglows are believed to be already in the jet-like stages before they are definitely observed. The upper limit of t j is the time when the first positive optical detection was made. We exclude GRB 980329 in the BFK03 sample because the temporal index is relatively too shallow to be identified as a fast-fading GRB ( ¼ 1:28 AE 0:19; Reichart et al. 1999 ). The optical afterglow of GRB 990705 may be a fast-fading one, but there is no reliable R-band data for this GRB.
Results
From Table 1 we can see that the optical spectral index opt around t j is less than 0.8 for most GRB OTs. This can be interpreted as the optical frequency located at the slow-cooling segment ( m < < c ) of the spectrum, since the observed index is consistent with the theoretical one, ¼ ( p À 1)=2 $ 0:6 0:75 for p $ 2:2 2:5. There are two outliers, GRB 000926 and 020813, which have relatively steep spectra at t j and can be regarded to be in the fast-cooling case in which the typical spectral index ¼ p=2 $ 1:1. We thus adopt the jet break relation of the slow-cooling case for the statistical purpose in this work.
To decouple the effects of the redshift and the luminosity distance from other parameters, we rewrite equations (6) and (14), and the general jet break relation in the slow-cooling case is
where
À1=2 =days are the equivalent luminosity density and jet break time in logarithms, which can be determined directly by observations. The coefficient a is a combination of the physical parameters of the central engine and the shock physics and is insensitive to the external medium density. However, b p is only determined by the index of the distribution of the electrons. We adopt the cosmology with m ¼ 0:27, Ã ¼ 0:73, and Figure 1 shows the L j -j plot for 11 GRBs with known redshifts. Excluding GRBs 000926 and 020813 as explained above, we have made the best linear fit to the remaining nine GRB OT breaks using equation (17) . 4 The derived values and standard errors are a ¼ 1:37 AE 0:05, b ¼ 2:10 AE 0:21, the corresponding 2 ¼ 9:97 for 7 degrees of freedom (dof ), and the possibility Q(> 2 ) ¼ 0:19. If we do not include GRB 011121, the result gives the same a and b, while 2 ¼ 9:67 for 6 dof and Q(> 2 ) ¼ 0:14. This can be explained by the large error bar of this GRB, as shown in Figure 1 
which implies the universal energy reservoir and relativistic shock physics. The constraints for the ISM case and the wind case are nearly the same, as long as the typical wind parameter is relatively small, A Ã ¼ 0:1 Chevalier et al. 2004) . The determination of the intrinsic mean values of these parameters is needed to combine equation (18) with other methods, e.g., the multiwavelength fits to the overall afterglow light curves. have performed these fits and given the mean values of E j $ 5 ; 10 50 ergs, e $ 0:3, and B $ 4 ; 10 À3 , which are marginally consistent with the constraints of equation (18). We note that have assumed the distribution of initially shocked electrons to be a broken power law. They have also given a large range of B , from 10 À5 to 0.1. Although the lower and upper limits of B are expected when the relativistic two-stream instability of the electrons and protons saturates separately ( Medvedev & Loeb 1999) , the question is why the same relativistic shock physics leads to very different B values among GRB afterglows. In this work, we prefer the mean values of physical parameters as E j $3 ; 10 50 ergs, e $ 0:1, and B $ 10 À3 . In Figure 2 we calculate the L j -j plot for GRB 980519 at different redshift. The line of GRB 980519 can be understood as the luminosity distance D L as a function of z, which can be approximated by
4 The linear fit method is from Press et al. (1992) . Note.-Col.
(1) GRB name; col. (2) redshift; col. (3) temporal decay index (F / t À ); col. (4) observed jet break time; col. (5) flux density at t j ; col. (6) optical spectrum F / Àopt at time t in days since the GRB trigger; and col. (7) references for the redshift and R-band afterglow.
a The value is not dereddened for the extinction of the host galaxy, and the actual one may be flatter.
References.
- (1) Table 1 , excluding two peculiar GRB OTs (GRB 000310C and 021004). The solid line shows the best linear fit to these data for the slow-cooling jet break relation (i.e., eqs. The line begins vertically when zT1 and approaches a diagonal with a slope of À1 at z 3 1 in the L j -j plot. If GRB 980519 obeys the same jet break relation of equation (17), a lower limit of its redshift, z k 1:65, is indicated in Figure 2 . This lower limit is consistent with the nondetection of a supernova signature expected to accompany GRB 980519 at late times, which implies z k 1:5 ). However, the redshift determined by the jet break relation has, in general, two values. The specific jet break data of GRB 980519 and the large scatter of t j prevent the unambiguous determination of its redshift. Figure 3 shows the break data of two peculiar GRBs, GRB 000301C and 021004, and five fast-fading GRBs, together with 11 typical GRB breaks with known redshifts. Fluctuations or bumps in the optical light curve before t j will strongly affect the observational determination of t j . However, it is impossible to attribute GRB 000301C and 021004 to the universal class obeying the same jet break relation, because of the uncertainty of their t j and F , j . A rough estimate of the physical parameters assuming the same b ¼ 2:1 for these two GRBs will give a $ 2:75, twice the universal value. Since a is insensitive to the external number density, and since it is unreasonable to assume that the shock physics will change much in short timescales, we draw an exclusive conclusion that the jet is reenergized by a factor of 6.3 (7. 3) for ISM (wind ) case, because of the delayed energy injection from the central engine. Bloom et al. (2003) proposed that fast-fading GRBs belong to the low-energy subclass with respect to the gamma-ray energy release. However, the case becomes more complicated in view of the residual energy in the afterglow epoch, as shown in Figure 3 . The fast-fading GRB 000131 seems to obey the jet break relation, because the line extrapolating its first detected data to the earlier time t j is nearly parallel to the solid line, since $ b. GRB 000911 also seems to belong to the universal class, if the first detection time is close to the true t j . GRB 980326 is identified as a subenergetic GRB afterglow. The spectral indices of GRBs 991208 and 001007 indicate that they belong to the fastcooling case, although the indices are not corrected for the host galaxy extinction, which may make them possibly belong to the slow-cooling case. For comparison, they are plotted in Figure 3 . The redshift of GRB 001007 is estimated at z $ 0:18 by assuming that it follows the slow-cooling jet break relation. However, a reliable redshift can be only estimated when a large sample of fast-cooling jet break data is achieved.
CONCLUSIONS AND DISCUSSION
In this paper, we have derived the jet break relation of GRB optical light curves, F ; j / t Àp j , and given the statistical results of this relation based on the available sample. Now we summarize our findings and discuss their implications.
First, the electron distribution index p ¼ 2:10 AE 0:21 is achieved in the statistical sense. Conventionally, the late temporal index 2 or of fast-fading GRBs is believed to be the same as p. However, there are two caveats on this assumption.
(1) Most importantly, the ambiguity of the understanding of the sideways expansion of the jet leads to a great uncertainty of the value of 2 . For a nonlateral spreading jet, 2 is larger than 1 by 3=4 (1=2) for ISM (wind) case, because of the deficit of the visual edge caused by the relativistic beaming effect ( Mészáros & Rees 1999) . GRBs 990123, 010222, 020813, 021004, and the fast-fading GRB 000911 are candidates for nonlateral expansion jets. It should be pointed out that an explanation with flat electron spectra of 1 < p < 2 fails to account for these bursts, since in this case 2 ¼ ( p þ 6)=4 (>1.75) is larger than the observed value ( Dai & Cheng 2001) . (2) Even though detailed calculation of sideways expansion evolution results in the light curve of 2 $ p, there is a tendency for larger 0 to cause relatively flatter 2 ( Huang et al. 2000; Wu et al. 2004) . There is also an indication that 2 is larger (steeper) than p in the two-dimensional simulation (Granot et al. 2001) . In this case, the jet experiences a lateral expansion stage, while the emission is mostly arising from the part of the initial halfopening angle. The temporal index of the steepest light curve in this case is estimated to be 2 $ p þ 1. However, the jet break relation is determined at t j , and the only assumption is (t j ) ¼ À1 0 ( Frail et al. 2001 ). The value of p ¼ b derived from this relation avoids the above uncertainties and can be used as a better and independent way to constrain the relativistic shock acceleration physics.
Second, the jet break relation further supports the ''standard candle'' hypothesis of the afterglows Freedman & Waxman 2001; Piran et al. 2001; Berger et al. 2003a) . Furthermore, it also constrains the shock physics to be universal among nine GRBs in the slow-cooling case (see eq.
[18]). Since the jet break relation is almost immune from the effect of external density, it can probe the energy reservoir and shock physics of GRBs at high redshifts, where the density of the ISM or the stellar wind may significantly follow the cosmological evolution (Ciardi & Loeb 2000) . There is another capability of this relation to distinguish between some peculiar GRBs, e.g., the GRBs with delayed energy injections before t j .
Third, as a by-product, we can estimate the redshift of some jet break GRBs or fast-fading GRBs by using the jet break relation, assuming they follow the standard energy and same shock physics.
The jet break relation itself can not distinguish between the structures of GRBs jets ( Mészáros et al. 1998; Dai & Gou 2001; Rossi et al. 2002; Zhang & Mészáros 2002) . However, the empirical formula that is used to fit the light curves gives the required jet break data, e.g., F , j , t j , and the break sharpness s ( Beuermann et al. 1999; ). The sharpness s has the potential to probe the jet structure, because it behaves in a different way as a function of 0 (therefore t j ) in a homogeneous jet and in a structured jet.
The F , j -t j relation presents a way to constrain the value of p and other physical parameters of GRB afterglows. A more robust result should be based on a larger sample of GRBs with measured jet breaks in their afterglow light curves, which is expected in the upcoming Swift era.
